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Abstract. We measured CHy fluxes from three major plant communities characteristic of
alpine tundra in the Colorado Front Range. Plant communities in this ecosystem are deter-
mined by soil moisture regimes induced by winter snowpack distribution. Spatial patterns of
CHy flux during the snow-free season corresponded roughly with these plant communities. In
Carex-dominated meadows, which receive the most moisture from snowmelt, net CHy4 produc-
tion occurred. However, CHy production in one Carex site (seasonal mean = +8.45 mg CHy
m~2 d~1) was significantly larger than in the other Carex sites (seasonal means = ~0.06 and
+0.05 mg CHy m~2 d~1). This high CH, flux may have resulted from shallower snowpack
during the winter. In Acomastylis meadows, which have an intermediate moisture regime, CHy
oxidation dominated (seasonal mean =-0.43 mg CHy m~2d"1). In the windswept Kobresia
meadow plant community, which receive the least amount of moisture from snowmelt, only
CH, oxidation was observed (seasonal mean = -0.77 mg CHy m~2 d~1). Methane fluxes
correlated with a different set of environmental factors within each plant community. In the
Carex plant community, CHy emission was limited by soil temperature. In the Acomastylis
meadows, CH4 oxidation rates correlated positively with soil temperature and negatively with
soil moisture. In the Kobresia community, CH4 oxidation was stimulated by precipitation.
Thus, both snow-free season CH, fluxes and the controls on those CHy fluxes were related to
the plant communities determined by winter snowpack.

Introduction

Methane is a greenhouse gas, which could contribute more to global warming
than CO, (Lashof and Ahuja 1990; Rodhe 1990). Concentrations of CH, are
rising but the exact cause is unclear (Cicerone & Oremland 1988; Fung et
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al. 1991; Dlugokencky et al. 1994). Therefore, more precise estimates of the
various sources and sinks of CHy are required.

One source of uncertainty in the global CHy4 budget is the relative impor-
tance of soils as sources and sinks of atmospheric CH,. Estimates of soils
as a global CHy sink range from 9.0 to and 55.9 Tg per year (Dorr et al.
1993; Prather et al. 1995; Potter et al. 1996). This range is large compared
to the 30 Tg excess of CH4 sources over sinks which historically has been
accumulating in the atmosphere every year. The range of estimates for soil
CH,4 production, such as in wetlands and rice fields is even larger, ranging
from 85 to 300 Tg per year (Prather et al. 1995). In order to better assess the
role of soil CHy4 fluxes in the global CH,4 budget, recent work has focused on
investigating landscape patterns of CH,4 fluxes and environmental controls on
CH, fluxes.

The alpine tundra of Niwot Ridge in the Colorado front range is well
suited for studying spatial patterns of CH4 fluxes, because of pronounced
gradients of soil moisture which are likely to influence CH,4 flux. Variation in
soil moisture regimes results from spatial variation of snowpack accumula-
tion in this ecosystem. When the winter snowpack melts during spring thaw,
it becomes the major source of soil moisture. However, this moisture is not
distributed evenly. High winds during the winter cause snow to be swept away
from exposed areas and to accumulate in other areas. Furthermore, drainage
patterns cause meltwater to bypass some areas and to flow through others
throughout the growing season. Thus, a wide range of soil microclimates can
be found in close proximity to each other.

Discrete plant communities arise as a result of the divergent microcli-
mates on Niwot Ridge (Walker et al. 1993). In areas which receive snowmelt
throughout much of the growing season, plant communities are dominated
by Carex scopulorum. In wind-blown areas where little snow accumulates,
plant communities are dominated by Kobresia myosuroides. Between the two
extremes, plant communities are dominated by Acomastylis rossii. As one
moves from Carex through Acomastylis to Kobresia meadows, plant produc-
tivity, soil organic matter, and microbial activity decrease (Fisk et al. 1998).
Also, the environmental factors limiting ecosystem processes shift from low
soil temperatures to lack of water availability (Fisk & Schmidt 1995).

The objectives of this study were to measure CH, fluxes on Niwot Ridge
during the snow-free season. Our sampling regime was designed 0 capture
the spatial and temporal patterns of CHy fluxes associated with the natural
plant communities in this system. Previous studies of alpine systems have
measured CH, fluxes during the snowpack season (Sommerfeld et al. 1993)
or were of limited scale and did not address the environmental controls impor-
tant to landscape scale CH, flux in these systems (Neff et al. 1994). Therefore,
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Figure 1. Location of the three original sites on Niwot Ridge. North is to the viewer’s right.
Niwot Ridge crosses from the center to the lower right corner. Arrows point to sites SS, LT,
and NS as described in the text.

we measured CHy fluxes and soil moisture, temperature, and soil nitrogen
throughout two growing seasons in Carex, Acomastylis, and Kobresia plant
communities.

Materials and methods

Study sites

This study was conducted on Niwot Ridge, a U. N. Educational Scientific and
Cultural Organization Biosphere Reserve and a National Science Foundation
sponsored Long-Term Ecological Research (LTER) program, located near
the University of Colorado Mountain Research Station in the Colorado Front
Range.

Three sites of similar elevation (ca. 3500 m) but differing in slope and
aspect were selected (Figure 1). One site is situated in the saddle of Niwot
Ridge, which is where most ecological studies for the LTER program are
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conducted. A second site is on the slope south of the saddle site, and a third
site is on the slope north of the saddle site. The three sites are abbreviated as
LT, SS, and NS for “LTER”, “south slope”, and “north slope”, respectively.
In each of these 3 sites, we chose 3 plots representing the 3 major plant
communities of the alpine tundra for a total of nine plots. These plots were
chosen because they have been used for extensive long-term monitoring of
biogeochemical processes, and are described in more detail elsewhere (Fisk
& Schmidt 1995; Fisk et al. 1998). Plots dominated by Kobresia myosuroides,
Acomastylis rossii, and Carex scopulorum are referred to as Kobresia, Aco-
mastylis, and Carex meadows respectively, and are abbreviated as K, A, and
C. These three plant community types are described in more detail in May
and Webber (1982) and Fisk et al. (1998). Abbreviations such as C-NS (Carex
meadow plot of the north slope) and K-SS (Kobresia meadow plot of the south
slope) are used to refer to individual plots.

Upon initiation of our measurements, we found that C-LT differed from
the other Carex meadow plots in that snowmelt flowed over the soil surface
throughout the season and CH4 fluxes were strikingly higher. In 1993 mea-
surements were made at a fourth wet meadow plot which was hydrologically
more similar to the SS and NS Carex plots. This plot is the same as the control
“wet meadow” described in Neff et al. (1994), and is abbreviated as C-NF.
Fluxes from this plot were also more similar to C-SS and C-NS. Because the
plots C-SS, C-NS, and C-NF were more similar to each other than to C-LT,
we refer to these plots as “non-C-LT” Carex plots. We made measurements
at C-NF only from June 10 to July 20, 1993, so the full seasonal pattern was
not determined in this plot.

Field measurements

Methane fluxes were measured at each plot approximately every 2 weeks
during 1992 (June 8 to September 23). In order to confirm spatial and tem-
poral patterns noted during 1992, and in order to obtain data on CHy fluxes
during snowmelt, CH, fluxes were selectively sampled in 1993 (June 1 to
August 18). In the winter of 1992-93, more snow than average accumulated
on Niwot Ridge (Figure 2). This deeper snowpack of 1993 also melted later,
causing the snow-free season to begin later in 1993 than in 1992.

In the spring of 1992 and 1993, at least two weeks prior to initiation of
CH, flux measurements, the collars of four static chambers (Matson et al.
1992) were installed in each plot. Collars consisted of PVC rings (15 cm
tall x 25 cm diameter) which extended 5 to 10 cm into the soil. Vegeta-
tion extended well above the rims of the collars and was not substantially
shaded by them. In C-LT, where surface drainage flowed throughout most
of the season, the chamber collars were mounted on tussocks of vegetation
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Figure 2. Snowpack depth recorded on Niwot Ridge in April of 1992 and 1993 compared to
average snowpack depth.

which sat above the surface drainage. The chambers consisted of detachable
acrylonitrile-butadiene-styrene (ABS) plastic covers that fitted over the col-
lars. Each ABS cover was fitted with a septum for sampling and a pinhole
port to equalize pressure during sampling.

On each sampling date, chambers were closed with the septa removed
in order to avoid pressurizing the chamber. Septa were then replaced and
duplicate gas samples were removed through the septa with 10-cc gas-tight
glass syringes equipped with three-way stopcocks. Gas samples were col-
lected every 30 to 45 minutes from approximately 9:30 am to 11:30 am.
The long sampling period increased sensitivity, and Dise (1996) found that
long sampling intervals had no significant effect on CHy flux calculations.
However, in several instances when we were measuring CH, consumption,
nonlinear points at the end of the sampling period had to be removed before
CH, flux calculation. The linear change in CH,4 concentrations were corrected
for temperature and pressure and used to calculate rates of CH,4 exchange with
the atmosphere (mg CH, m~2 day~'). When regressions were not significant
at o = 0.05, CH, fluxes were assumed to be zero. The minimum detectable
flux for a given static chamber was approximately 0.04 mg CH; m~2 day .
The rates reported here are the averages of four chambers per plot. Gas sam-
ples were analyzed on a Hewlett Packard 5890A gas chromatograph using
a flame ionization detector (FID) detector at 400 °C. Variability of repeated
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injections of a 1751.8 ppb CHy4 standard calibrated by the National Center for
Atmospheric Research (NCAR) was less than £ 10 ppb.

Soil temperature, moisture, NHZr and NO; were also measured. A soil
temperature profile (recorded at depths of 1, 5, 10, and 15 cm) was taken next
to each of the four bases using a thermistor. A composited soil sample (10 cm
depth) was returned to the laboratory and sieved (2 mm) for determination
of NH/, NOj and gravimetric moisture content. Ammonium and NO; were
extracted from soil subsamples by shaking for 1 hour in 2 M KCl (volume:soil
weight = 5:1), equilibrating for 12 h, and filtering using an extractor (Centu-
rion, Inc.). These soil N determinations were made for 70 of the 113 CH,
flux measurements. Extracts were analyzed for NH; and NO; using a Flow
Injection Analyzer (Lachat, Milwaukee, WI). Gravimetric moisture content
was determined on sub-samples dried to a constant weight at 60 °C.

Water-filled pore space (WFPS) was estimated as g H,O per cm® of satu-
rated soil (HpOgy), assuming that H,O has a density of 1 g per cm’® and that at
saturation all pore space is filled with water. WFPS was estimated as % WFPS
= (H,O/H; 04y )*100. This method does not make assumptions about particle
density, making it better for the highly organic soils characteristic of these
sites.

To estimate the HyOgy in each plot, four replicate intact cores (3 cm
diameter) were taken from within 3 meters of the static chamber collars
of each plot where vegetation closely resembled the vegetation inside the
bases. Surface vegetation was removed and cores were sealed with paraffin
on one end and deionized water was added slowly to the other end until the
cores were saturated. Cores were weighed immediately and then dried to a
constant weight at 60 °C. The H,O of saturated soil was then calculated as
the difference between the saturated weight and the oven-dried weight of the
soil cores. Because of the variability of soils, it is possible for an individual
%WEPS value to exceed 100%. This occurred in 2 Carex and 10 Acomastylis
measurements of %WFPS.

The effects of recent precipitation on CH, fluxes were determined by cod-
ifying precipitation data which were collected as part of the LTER project.
For each date on which CH, fluxes were measured, recent precipitation was
quantified with the following variables: DSP = “days since precipitation™ or
the number of days since a precipitation event of 1 mm or more, MRP =
“most recent precipitation” or the size of the most recent precipitation event
(in millimeters), and QRP = “quantity of recent precipitation” or the amount
of precipitation (in millimeters) which occurred in the 2 days prior to the
sampling date.

The effects of recent rainfall events on Kobresia meadow CH, fluxes were
further investigated by intensively sampling K-NS from July 14 to July 27,
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1992. An 11 mm rainfall event on July 19 was supplemented with an addi-
tional 20 mm of deionized water on July 20, 1992 in experimental chamber
collars. Prior to these water-additions, the most recent precipitation event
larger than 5 mm had occurred on June 25, 1992 (7 mm). Methane fluxes
and soil moisture levels were measured 6 days before and then 0.5, 24, and
48 hours and 5 days following the 20 mm water application.

To further investigate the high CH, emission from C-LT, composited soil
samples (to 10 cm depth) were collected from C-LT and C-NS within 2 weeks
of when soils became snow-free (June 26 and July 7, 1996, respectively).
These soil samples were then incubated at 22 °C in mason jars equipped with
septa from which samples of the jar headspace could be taken. Jar headspace
was either equilibrated with room air to make the headspace aerobic, or
flushed with industrial grade nitrogen gas to make the headspace anaero-
bic. Anaerobic conditions were confirmed with methylene blue anaerobic
indicator strips. Headspace samples were taken regularly to assess CHy4 pro-
duction and oxidation under aerobic and anaerobic conditions. Incubations
lasted until steady linear increase or decrease of CH,4 concentrations could be
confirmed, or up to 50 hours, whichever came first.

Statistical analyses

Data for soil moisture, soil temperature, and soil N, and the four replicate
CH, flux measurements of each plot were analyzed using SAS (version 6.09,
1992) PROC REG. The importance of correlations with environmental fac-
tors was tested by removing the point most responsible for any significant
relationships. If the relationship was no longer statistically significant, such a
correlation was then classified as “weak”. The method of Judd and McClel-
land (1989) was used to determine whether surface or deep soil temperatures
correlated better with CH, fluxes in the Acomastylis meadows. In this method,
two mathematical models describing the data are compared with each other,
and the SSE’s of the two models are used to calculate 72, F*, and a p-value.

Resuits

Landscape patterns

Spatial patterns of CH,4 fluxes corresponded roughly with the soil moisture
and temperature regimes imposed by winter snowpack (Table 1). In the Carex
meadows where more water was available from snowmelt, CH4 fluxes were
more likely to be positive. In the Acomastylis plant communities, which have
intermediate moisture regime, CH, fluxes were predominately negative (sea-
sonal mean = -0.43 mg CH, m~2 d~!) but some zero fluxes also occurred. In
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Figure 3. Seasonal patterns of CHy fluxes (A), soil moisture (B), and soil temperature (C) in
the C-LT Carex meadow. Solid lines: 1992; dotted lines: 1993. Error bars show standard error.

the windswept Kobresia meadows, which receive the least amount of water
from snowpack, only CH, oxidation occurred (seasonal mean = —0.77 mg
CHy m™2 d_l).

In the saddle Carex plot (C-LT), high amounts of CH, (seasonal mean =
+8.45 mg CHy m™2 d~!) were emitted compared to the other Carex plots.
In the other Carex meadows, seasonally averaged CH, fluxes were of small
magnitude (seasonal means = —0.06 and +0.05 mg CH; m~? d~!, for C-
SS and C-NS, respectively). In C-LT, snowmelt flowed over the soil surface
throughout the growing season, but this surface drainage did not result in
significantly higher moistures of the tussock soil where the chambers were
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Figure 4. Seasonal patterns of CHy fluxes (A), soil moisture (B), and soil temperature (C) in
the non-C-LT Carex meadows. Solid lines: 1992; dotted lines: 1993. Error bars show standard
erTor.

installed (Table 1). In 1993 measurements were made of a fourth wet meadow
plot (C-NF). Methane emissions from this plot were more similar to the C-5S
and C-NS Carex plots (Table 1).

As soils dried and warmed during the growing season, a distinctive tem-
poral pattern of CH, fluxes was observed in each plant community (Figures
310 6). In the LT Carex meadow site (Figure 3), CH, was emitted throughout
the snow-free season, but the highest C-L'T CH, emission occurred on the
sampling date which was soonest after this site became snow free (June 22,
1993). This CH4 emission was nearly twice as large as the next highest CHy
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Figure 5. Seasonal patterns of CHy fluxes (A), soil moisture (B), and soil temperature (C) in
Acomastylis meadows. Solid lines: 1992; dotted lines: 1993. Error bars show standard error.

flux and 3 times larger than the average CH, flux from C-LT. In the other
Carex meadow sites (Figure 4), CH, fluxes were zero for 1 to 3 weeks after
plots became snow-free. In the middle of the season, some CH4 emissions
were observed, followed by significant CH4 oxidation. In the Acomastylis
meadows (Figure 5), CH, oxidation rates were near 0 mg CH, m~2 d~! in
the beginning of the snow-free season. In the driest Acomastylis plot (A-SS),
CH, oxidation rates then increased to exceed —1 mg CH; m~2 d~!. In the
other Acomastylis plots, CHy oxidation rates also increased, but exceeded
—0.7 mg CH, m~2 d~! on only one date. In the Kobresia meadows (Figure 6),
CH,, oxidation rates increased from near —0.5 mg CH; m~2 d~! in early June
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Figure 6. Seasonal patterns of CHy fluxes (A), soil moisture (B), and soil temperature (C) in
Kobresia meadows. Solid lines: 1992; dotted lines: 1993. Error bars show standard error.

to near —1 mg CH, m~2 d~! throughout the rest of the season. In each plot
where data were available for both years of the study (C-NS, A-SS, and K-
NS), the seasonal pattern for the second year (1993) was delayed (Figures 4 to
6). This delay was more pronounced in the Carex and Acomastylis meadows
than in the Kobresia meadows.

Environmental factors

Methane fluxes correlated with a different set of factors in each plant com-
munity (Table 2). Soil nitrogen (extractable NH, and NO3) was not a good
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Table 2. Correlation coefficients (r) for regressions between the major controlling envi-
ronmental factors and CHy fluxes in the four plant community types. Where p > 0.10,
correlation coefficients are replaced with “—”,

soil temperature soil moisture precipitation

CM15 CM10 CM5 CM1 HO %WFPS DSP  MRP OQRP

non-C-LT Carex +0.40 +0.44% +0.50% +040 — — — —_ —
Acomastylis ~ —0.699 —0.619 —0.55¢ —0.47° +0.769 +0.60¢ — — @ —
Kobresia — —  —  — — 1059° +0.50° —0.402 —0.48P

ABBREVIATIONS: CM15, CM10, CM5, CM1 - soil temperature at 15, 10, 5, and 1 cm
depth, respectively. HoO — gravimetric moisture content (g HyO (100 g dw.)~1). %WFPS
— % water-filled pore space. DSP — “days since precipitation”; MRP - size of “most recent
precipitation” (mm); QRP - “quantity of recent precipitation” (mm).
SUPERSCRIPTS: 2p < 0.05,%p < 0.01,p < 0.001, 9p < 0.0001.

Table 3. Methane production in composited soil samples from
C-LT and C-NS under aerobic and anaerobic conditions.

soil type CHy production (pmol (g dw) 11
aerobic anaerobic
incubation incubation

C-LT 652.363 (+395) 3074.49 (+493)

C-NS 0 0

predictor of CH, fluxes in any of the plant communities. Soil temperature was
important only in the Carex and Acomastylis plots, while soil moisture was
important only in the Acomastylis and Kobresia plots.

In the non-C-LT Carex plots, soil temperature was most important. Posi-
tive CH4 emissions occurred only after soils had warmed to 7, 5, 4, and 3 °C at
1, 5, 10, and 15 cm depth, respectively. Methane fluxes correlated positively
with soil temperatures (Table 4, Model #1). Our data did not indicate more
CH, emission from wetter Carex soils. In C-SS, CH, emission was observed
only on the day of lowest soil moisture. In C-NS in both 1992 and 1993, CHy
emissions increased as soil moisture decreased.

No environmental factor measured could account for the large CH, fluxes
observed in the saddle Carex plot (C-LT) relative to the other Carex plots.
Methane fluxes in C-LT correlated only weakly with surface soil temperatures
(1 cm depth) and with soil NHZ. In order to rule out transport of CH, through
plants or from deeper soil layers, we carried out laboratory incubations to
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Table 4. Models relating CHy4 fluxes to abiotic variables, plant community type and site.
Regressions are grouped by plant community type in order of per cent error explained (r?).
All variables are in terms of mg CHy m~2 day~! per unit of variable.

CAREX (non-C-LT) PLANT COMMUNITY:

Model# r2 p<

1: CHy flux = —0.0801 + 0.02092 CM5 025 0.05
ACOMASTYLIS PLANT COMMUNITY:

Model# 2 p <

2: CHy flux = —0.8141° + 0.0085° H,0 —0.06699 CM15 0.68 0.0001
KOBRESIA MEADOW PLANT COMMUNITY:

Model# P » <

3: CHy flux =-1.33929 + 0.0111° %WEFPS - 0.01552 QRP 0.45 0.0006
4: CHy flux = —0.20269 + 0.0493° HyOgy; — 0.0171° HpO 0.46 0.0004

5: CHy flux = —0.0467 — 0.01549 HyOgq +0.0128° HyO - 0.0203° QRP  0.62  0.0001
6: CHy flux = —0.2026 — 0.0156¢ HyOgye + 0.0133¢ HyO + 0.0493Y DSP
~0.0171* MRP 071 0.0001

ABBREVIATIONS USED: DSP: days since precipitation; MRP: size of most recent pre-
cipitation (mm); QRP: quantity of precipitation in the previous 2 days; HyO ~ gravimetric
moisture content, % WEPS — per cent water-filled pore space, HyOg,¢ — gravimetric moisture
content at which soil is saturated.

SUPERSCRIPTS: 2p < 0.05,Pp < 0.01,¢p < 0.001,9p < 0.0001.

measure CH, production potential of the top 10 cm of soil from C-LT and
C-NS (Table 3). The soils for this determination were collected within two
weeks after these sites became snow-free, at the time when C-NS field CH,
fluxes were zero. The pattern of CH, production from these soils in laboratory
incubations paralleled the pattern of field CH, fluxes in these two sites. We
also compared aerobic and anaerobic incubation of these soils to see if the
lack of CH4 emission at C-NS was due to a preponderance of oxidation at this
site. Whether under aerobic or anaerobic conditions, C-LT soils immediately
produced CHy4 at substantial rates, but soils from C-NS did not produce any
CH, (Table 3).

In the Acomastylis meadows, CH4 oxidation correlated positively with soil
temperature (Table 2) and negatively with soil moisture (Table 2, Figure 7).
Gravimetric soil moisture correlated with CH, oxidation better than %WFPS,
Soil temperatures at 15 cm depth correlated better than soil temperatures
closer to the surface. Soil moisture and temperature taken together accounted
for 63% of the variation in Acomastylis meadow CHy fluxes (Table 4, Model
#2), with moisture accounting for most of the variation. Methane oxidation
rates were highest in the driest Acomastylis plot (A-SS).
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Figure 7. The relationship between soil moisture (%WFPS) and CHy fluxes in the Kobresia

and Acomastylis meadows. Closed circles: Acomastylis meadow fluxes; open circles: Kobresia
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In the windswept Kobresia community, CH, oxidation correlated with all
the variables constructed to represent recent precipitation (Table 2). Methane
oxidation rates were higher with more recent precipitation and with larger
precipitation events. Kobresia meadow CHy fluxes also tended to be higher
in drier soils, but only if soil saturation capacity was accounted for, either as
%WTFPS (Table 2) or as part of a multiple regression (Table 4, Model #4).
Methane oxidation was highest in the wetter two Kobresia meadows (K-NS
and K-LT). Combining soil saturation capacity, soil moisture, and the precip-
itation variables explained up to 71% of the variation in Kobresia meadow
fluxes (Table 4, Models #3, 4, and 6). Intensive sampling of K-NS before and
after a large water addition in the middle of a summer dry spell yielded similar
results. On July 20, 1992, water additions increased soil moisture in watered
bases at K-NS to 51% H,0, and CH,4 oxidation rates were higher than any
other Kobresia meadow measurement in 1992 or 1993 (Figure 8). Twenty-
four hours later, K-NS soils dried below 40% H,O, and CH,4 oxidation rates
also decreased from —1.35 to -0.61 mg CH; m~2 d~!.

Discussion

In the alpine tundra of the Colorado Front Range, snowpack determines
soil moisture and temperature regimes which lead to variation in a number
of biological processes. These include plant community type (Walker et al.
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Figure 8. Methane oxidation rates, soil moisture, and water additions in K-NS, before and
after a water-addition experiment.

1993), primary production (Fisk et al. 1998), and microbial processes (Fisk
& Schmidt 1995; Brooks et al. 1997, 1998). Our results demonstrate that
snowpack-induced moisture regime also leads to variation in CHy4 fluxes dur-
ing the snow-free season. Moving from Carex to Acomastylis to Kobresia
meadows, soils become drier, and seasonally averaged CH, fluxes become
more negative. These results parallel previous findings that drier soils tend
to consume more CHy, and more CH4 tends to be emitted from weiter soils
(Mosier et al. 1993; Conrad 1995; MacDonald et al. 1996; Moosavi et al.
1996).

Environmental controls on CH,4 fluxes also corresponded with snowpack-
induced moisture regime. The influence of soil moisture could be confirmed
only in the two drier plant communities (Acomastylis and Kobresia). In
the Acomastylis meadows, CH, oxidation appeared to be diffusion-limited
(Striegl 1993), especially above 80% WFPS (Figure 7) where maximum CHy
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oxidation rates decline with greater %WFPS. In the Kobresia meadows, CHy
oxidation was stimulated by water additions, indicating limitation by lack
of moisture availability. These results were confirmed using incubations of
the top 10 cm of soil from Kobresia meadows (West & Schmidt 1998). Soil
temperature influenced CH, fluxes only in the two wetter plant communities
(Carex and Acomastylis). In the Carex meadows, where soil moisture was
ample, CH, fluxes correlated only with soil temperature. In the non-C-LT
Carex meadows, CH, emission did not begin until after soils warmed to
5°C. This is consistent with a temperature threshold for methane production.
Alternatively, this could have resulted from temperature effects on plant phe-
nology, but this is unlikely because sieved soil displays a similar temperature
response (S.K. Schmidt, unpublished data).

These controls on CH, fluxes parallel the controls on other ecosystem
processes in this alpine tundra ecosystem. For example, soil N processes are
moisture-limited in the Kobresia meadows, but temperature-limited in the
Carex and Acomastylis meadows (Fisk & Schmidt 1995). The controls on
CH, fluxes in this ecosystem also parallel the controls on CH, fluxes in other
ecosystems. Where CH, emission dominates, temperature is often an impor-
tant controlling factor (Dunfield et al. 1993; Frolking et al. 1994; Mikkela
et al. 1995; Moosavi et al. 1996; Whalen & Reeburgh 1996; Granberg et al.
1997). In systems with intermediate moisture regimes, CHy4 oxidation is usu-
ally controlled by soil moisture as a result of diffusion-limitation (Adamsen
& King 1993; Keller & Reiners 1994; Dunfield et al. 1995; Sitaula et al. 1995;
Whalen & Reeburgh 1996), but sometimes soil temperature is also important
(Crill et al. 1994; Peterjohn et al. 1994; Castro et al. 1995; Torn & Harte 1996;
Granberg et al. 1997; Priemé & Christensen 1997). Finally, in systems where
moisture is limiting, CH4 oxidation can be stimulated by wetting (Striegl et
al. 1992; Torn & Harte 1996).

In addition to the relationship between patterns of CH; fluxes and
plant communities, our data demonstrate substantial spatial variability in
CH, fluxes which are not associated with plant community. For example,
within the CHy-consuming plant communities (Acomastylis and Kobresia),
maximum CH, oxidation occurred at an intermediate moisture availability.
Previous studies have similarly demonstrated that microbial consumption
of atmospheric CHy occurs at intermediate soil moistures (Gulledge 1996;
Schnell & King 1996; Torn & Harte 1996). The SS site of our study dries out
more quickly after snowmelt than the other sites, probably because it receives
more solar radiation due to its southeastern exposure. Thus, the highest Aco-
mastylis CH,4 oxidation rates were found in A-SS, but K-SS had the lowest
Kobresia CH, oxidation rates (Table 1).
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Another source of variation in CH, fluxes not associated with plant com-
munity was the high CH,4 emission in the saddle Carex plot (C-LT) relative
to the other Carex plots. These high CH, fluxes could also not be explained
in terms of the environmental factors that we measured. These high fluxes
were also not explainable by higher plant production in C-LT (M.C. Fisk,
personal communication). At similar moistures and temperatures, the Carex
meadow of the saddle site emitted over 100 times more CHy than the other
Carex plots. In other systems where large amounts of CH, are emitted, CHy
flux is often controlled by the level of the water table {Whalen & Reeburgh
1990a; Granberg et al. 1997; Liblik et al. 1997) or by differential diffusion
through plants (Schimel 1995). However, the patterns of CH, emission from
the sieved soils (Table 3) suggest that neither explanation applies to this alpine
tundra. Soils collected from the upper 10 cm of C-LT produced CH, propor-
tional to C-LT field fluxes, indicating instead that the high CH, fluxes result
from higher methanogenic activity of C-LT soils.

A possible explanation for the greater methanogenic activity of C-LT soils
is shallower snow depth or less consistent snowpack during the winter. Snow
greater than a certain depth acts as an insulator, allowing soils to thaw and
mineralize labile C over the winter (Brooks et al. 1997, 1998), but snowpack
does not accumulate to as great a depth on the more exposed saddle of Niwot
Ridge (C-LT) as it does in the sloped sites (C-SS, C-NS, and C-NF). With
less snow cover, C-LT soils remain frozen through much of the winter, and
this may preserve methanogenic C sources for CH, production upon thawing.

Yearly variation in the timing of snowmelt controlled the temporal patterns
of CH4 fluxes from all the plant communities. The 1993 snowpack was larger
and melted later than the 1992 snowpack (Figure 2). As a result, soil CHy
fluxes and soil temperatures reached maximum levels 2 to 6 weeks later in
1993 than in 1992. This delay was more pronounced in the Carex meadows
than in the Acomastylis meadows, and in the Acomastylis meadows than in
the Kobresia meadows (Figures 3 to 6). Such yearly variations in snowpack
have also been shown to control plant production (Walker et al. 1993; Fisk et
al. 1998), winter trace gas fluxes (Brooks et al. 1997), and other soil microbial
processes (Brooks et al. 1998).

The CH4 fluxes that we report for this alpine tundra system are small in
comparison to those reported for arctic tundra (Whalen & Reeburgh 1990b;
Whalen & Reeburgh 1992; Adamsen & King 1993; Christensen 1993) but
large in comparison to those previously reported for alpine tundra. With
the exception of the C-LT plot, our rates are similar in both magnitude and
seasonal pattern to those reported previously for Niwot Ridge (Neff et al.
1994). In contrast, our rates exceeded the 0.2 to +6.3 mg CH, m—2 4!
range reported for alpine tundra by Whalen and Reeburgh (1990). Also, the
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rates we report are considerably larger than the —0.15 to +0.014 mg CH4 m—>
d~! reported for snow-covered alpine sites by Sommerfeld et al. (1993). The
wider range of CH, consumption and emission that we report suggests a more
important role of alpine tundra soils in the global CH4 budget. Alpine tundra
covers roughly 10.5 million km? (Archibold 1995). Assuming a four-month
snow-free season and that the fluxes reported here are typical of alpine tundra
around the world, the annual contribution of alpine tundra to the global CHy
budget could range from —1 to +10 Tg CH..

Considering the relative abundance of the major plant communities in
alpine tundra could provide a more precise estimate of global CH, fluxes.
On Niwot Ridge, the CH4-consuming plant communities (Kobresia and Aco-
mastylisy dominate, covering approximately 70% of the LL.TER saddle area,
while wetter areas such as Carex meadows cover only 15% (Walker et al.
1993). Data from Neff et al. (1994) suggest that the non-C-LT pattern of CHy
fluxes, with low CHy4 emissions and late-season CH,4 consumption, are more
typical of Carex meadows. The seasonal average of these non-C-LT Carex
plots were near zero. Therefore, the Colorado Rocky Mountain alpine tundra
represented by Niwot Ridge may act as a CHy sink. In two Wyoming alpine
sites, CH4 consumption was also dominant, even under snowpack (Sommer-
feld et al. 1993). However, if CH, hotspots such as C-LT covered as little as
5% of the area of Niwot Ridge, their CH, emission would negate all CHy
consumption by Acomastylis and Kobresia communities. Therefore, a satis-
factory estimate of the global contribution would require more information on
the relative abundance of hotspots such as C-LT, which cannot be predicted
by plant community type alone.

The strong relationship between snowpack and CH4 fluxes in this study
implies that changes in the contribution of alpine tundra to the global
CH, budget in response to global change scenarios would be complex.
For example, increases in summer precipitation would be likely to increase
CH4 consumption in Kobresia meadows but decrease CHy consumption in
Acomastylis meadows. Yearly variations in winter snowpack accumulation
could alter the soil C pools left for snow-free season CH, production. The
timing of snowmelt would influence the date of maximum CHy produc-
tion in Carex meadows. Longer-term shifts in the distribution of snowpack
would have more pronounced effects on CH, fluxes, because changes in
soil moisture regimes would alter plant community distribution (Walker et
al. 1993) and therefore snow-free season CH, fluxes. For example, long-
term increases in snow accumulation would lead to increased CH4 produc-
tion as CHy-consuming Acomastylis and Kobresia meadows shifted towards
CH4-producing Carex communities.
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In summary, we measured the spatial and temporal patterns of CHy fluxes
from alpine tundra during the snow-free season. We further identified the
environmental controls on CHy fluxes in this system. Both CHy fluxes and
controls were related to the plant communities determined by winter snow-
pack accumulation. Methane emissions from typical Carex meadows are
small compared to the CH4-consuming activity of Acomastylis, and Kobresia
meadows. However, hotspots of CH, emission occur, as seen in plot C-LT of
this study. Therefore, using plant community type to scale alpine tundra CHy
fluxes to regional or landscape levels may not adequately capture the natural
variability in CHy4 sources and sinks.
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